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I. INTRODUCTION
Carbon atoms are involved in various plasma-based processes. They play a role as intermediate in hydrocarbon flames, 1 they are generated in chemical vapor deposition of diamond 2 and diamond-like carbon films. 3 As a particle with four valence electrons it is very reactive in the gas phase ͑reaction rates with hydrocarbon molecules are on the order of 10 Ϫ16 m 3 s Ϫ1 ) and its sticking probability at the surface is expected to be close to unity. Carbon atoms can be produced by laser ablation, 3 by noble gas ion bombardment 4,5 of a graphite target or in the gas phase by electron impact dissociation of carbon containing molecules or radicals. It can also be a product of chemical reactions between radicals and molecules in the gas phase. Up to now several methods have been used to detect this atom: two photon absorption laser induced fluorescence, [6] [7] [8] [9] two photon induced excitation followed by spontaneous emission, 1, 10 laser induced fluorescence using vacuum ultraviolet excitation, 11 multiphoton ionization 5, 12 or ͑vacuum͒ ultraviolet absorption spectroscopy. 2, 13 In this article we will present an alternative way of measuring carbon atoms in their 1s 2 2s 2 2 p 2 1 S 0 metastable state: cavity ring down absorption spectroscopy ͑CRDS͒. We combine these measurements with optical emission spectroscopy ͑OES͒ of the 1s 2 2s 2 2p 3s 1 P 1 0 →1s 2 2s 2 2p 2 1 S 0 electronic transition. At the Eindhoven University of Technology, remote expanding thermal plasmas ͑ETPs͒ are used for deposition of different kinds of films. 14, 15 Previous studies have shown that by injecting acetylene downstream into an expanding thermal argon plasma, a-C:H films of good quality can be deposited at a rate of up to 70 nm/s. Due to the adiabatic cooling, which takes place in the expansion, the electron temperature in the vessel is low ͑Ͻ0.3 eV͒ 16 and hence electron induced dissociation processes can be neglected. The combination of mass spectrometry and Langmuir probe measurements revealed the dominance of the argon ion induced dissociation of injected acetylene. 17 The proposed mechanism for the plasma chemistry starts with a charge transfer reaction between an argon ion and an acetylene molecule 18 Ar ϩ ϩC 2 H 2 →ArϩC 2 H 2 ϩ, *
͑1͒
with a reaction rate of k 1 Ϸ4.2ϫ10 Ϫ16 m 3 /s, which is followed by the dissociative recombination of the rovibrationally excited acetylene ion with an electron: 19 C 2 H 2 ϩ, *ϩe Ϫ →C 2 H*ϩH* →C 2 *ϩH*ϩH
→CH*ϩCH*, ͑2͒
with a reaction rate in the order of k 2 Ϸ3ϫ10 Ϫ13 m 3 /s. In the following, Reactions ͑1͒ and ͑2͒ will be referred to as primary reactions. It was argued 20 that the C 2 H branch of reaction ͑2͒ is dominant. The production of CϩCH 2 radicals in reaction ͑2͒ is energetically possible but highly improbable since, from a stereometric point of view, this radical needs major reorganization starting from C 2 H 2 ϩ and an electron. 21 The products from reaction ͑2͒ can be dissociated again in a similar way using another argon ion and an electron. For the C 2 H radical: These reactions will be called secondary reactions because a second argon ion and a second electron are needed. The carbon atoms together with the CH and C 2 radicals are products of these secondary reactions. The reaction coefficients k 3 and k 4 of reactions ͑3͒ and ͑4͒ are not known, but they will probably have similar values as the reaction coefficients k 1 and k 2 . In addition to these ion induced reactions, also reactions between acetylene and different radicals take place in the ETP as was already discussed by Benedikt et al. 22 Due to the low electron temperature, the substrate selfbias is small ͑Ͻ2 V͒ and so ion bombardment is not involved in the deposition. At these conditions the film growth is governed by the flux of reactive ͑sticking͒ particles to the surface. The C, CH, and C 2 radicals with expected high sticking probability can then play an important role during a-C:H film growth. The CH ͑Engeln et al. 23 ͒ and C 2 radicals were already measured by means of CRDS in an Ar/C 2 H 2 ETP. Understanding the growth mechanism is particularly important in view of the fact that the high deposition rate of tens of nanometers per second does not compromise the film quality and still leads to a-C:H films with hardness up to 14 GPa, mass density of 1.5-1.7 g/cm 3 , spin density of 10 20 cm Ϫ3 , and good chemical stability and adhesion to the substrate. 20, 24 In this article we present the density measurement of carbon atoms in their 1s 2 2s 2 2p 2 1 S 0 metastable state ͑fur-ther on called C*) by means of CRDS. These measurements are complemented with OES of the same electronic transition. On the basis of these measurements and involved plasma chemistry we will argue that C atoms, both in the ground state (C gr ) as well as in excited states, are predominantly produced in secondary reactions ͑3͒ and ͑4͒. Once C atoms are produced they will react with acetylene and we will show that the reaction coefficient of this loss reaction is similar for both C* and C gr . In this case the C* density scales with the C gr density. Finally we will conclude that carbon atoms can contribute to the growth of soft ͑hardness 4 GPa͒, polymer-like a-C:H films but they are not involved in the fast deposition of hard ͑14 GPa͒ a-C:H films.
II. EXPERIMENTAL SETUP
The deposition setup is depicted in Fig. 1 . The thermal argon plasma is produced in a so-called cascaded arc. The dc arc runs between three cathodes and the arc nozzle inside the channel ͑4 mm diameter͒ formed by a stack of four water cooled copper plates. The current setting ͑22-89 A͒ controls the ionization degree of the argon gas and therefore the flux of argon ions and electrons emanating from the cascaded arc. The typical arc power is in the range of 1-5 kW and a typical arc pressure is between 0.2 and 0.5 bar. The argon flow is kept constant at 100 sccs (1 sccsϭ2.69 ϫ10 19 particles/s). The thermal argon plasma expands into a low-pressure vessel ͑typically 0.3 mbar͒ where first supersonic and, after a shock, subsonic expansion takes place. Due to high pressure difference between arc and the vessel, ETP is called a remote plasma; plasma creation is independent of the vessel conditions.
14 Into the expanding plasma beam acetylene is injected by means of a gas injection ring. The acetylene flow is varied between 0 and 20 sccs. a-C:H films are deposited at a distance of 60 cm from the arc nozzle on a temperature controlled silicon substrate. No additional biasing is used at the substrate. For a more extensive treatment of the experimental setup the reader is referred to Gielen et al. 20, 24 Cavity ring down spectroscopy 23, 25 is used to detect C* in the plasma. Measurements are performed at two different positions, one in the middle of the reactor, 0.25 m below the injection ring ͑called ''up'' position͒, and the other 0.52 m from the injection ring, 30 mm above the substrate ͑called ''down'' position͒. The required wavelength ͑247.931 nm͒ for absorption on 1s 2 2s 2 2p 3s 1 P 1 ←1s 2 2s 2 2p 2 1 S 0 electronic transition ͑lowest carbon energy levels are shown in Fig. 2͒ is produced by a Nd:YAG pumped dye laser ͑Spectra Physics DCR11/PDL3 combination͒ using Coumarin 500 and frequency doubling of the output in a Beta-barium borate crystal. The laser pulse is 7-10 ns long with a repetition rate of 10 Hz and a spectral bandwidth of about 0.08 cm Ϫ1 . Two high reflectivity mirrors ͑Laseroptik, л 25ϫ6.5 mm, planconcave, rϭϪ1000 mm) form an optical cavity. An argon protection flow of 6 sccs flows between each mirror and the reactor to protect them during plasma operation. The re- flectivity of the mirrors is between 0.988 and 0.992, which results in a ring down time in the range from 230 to 350 ns. The light leaking out of the cavity is detected by a photomultiplier tube ͑Hamamatsu R7154͒ connected to an oscilloscope ͑Tektronix TDS 340A, 8 bit, 350 MHz bandwidth, 500 Msamples/s͒. A filter in front of the photomultiplier tube blocks the emission from the plasma. A LABVIEW program controls the tuning of the dye laser and reads out the recorded transients via a general purpose interface bus interface. At each frequency typically 32 transients are averaged on the on-board 16-bit memory of the oscilloscope. The averaged transient, read out by the PC, is fitted with a standard least-squares fitting routine to an exponentially decaying function.
The decay time of the transient, can be written as
where d is the cavity length, c is the light speed, R eff is the effective mirror reflectivity, ͑͒ is the frequency-dependent cross section of the absorbing species, ͐ 0 d n(x)dx is the lineintegrated number density, and A is absorption per pass in the cavity. The value of A can be easily calculated when the ring down times 0 of the empty cavity and of the cavity with absorbing species are known:
͑6͒
We assumed the density n to be constant over the length L Ͻd in the expanding plasma and zero elsewhere. The effective path length L is assumed ͑based on Langmuir probe measurements of the electron density profile of pure argon plasma at up position͒ to be 0.05 m, 0.09 and 0.10 m at the arc currents 22, 48, and 61 A, respectively. The same lengths L are used for the up and down position. However it is expected that at the down position the expanding beam is broader and hence the calculated density can be slightly overestimated. The metastable carbon number density was calculated from the area under the absorption peak, obtained by performing a wavelength scan around the transition resonance frequency. The absorption measurement was reproducible within 4% relative error for the down position. The up measurements which were done later, displayed shorter ring down times ͑ϳ100 ns, result of deterioration of the mirrors͒, resulting in a slight increase of the noise level. Because of the uncertainty in the Einstein coefficient 26 ͑about 10%͒ and the uncertainty of the real absorption path length we estimate that the calculated density is correct within 30%, which comprises both the systematic and random errors.
It is very important to ensure that there is no saturation of the transition during the measurement. A way to verify this is to calculate the saturation parameter Sϭ P/R, where-P stands for the pumping rate to the upper state, which can be approximated by PϭB i j •() and R is the relaxation rate of the transition ij, which contains the various possible relaxation processes ͑radiative or collisional͒ of the upper and lower levels. 27 B i j is the Einstein absorption coefficient for the transition i→ j and ͑͒ is energy density of the laser light in the cavity.
Since the laser energy going into the cavity is small and we are not able to measure it exactly, we can only estimate the value of the energy density inside the cavity. Furthermore, not all values of the relaxation processes are known. Taking into account the uncertainties mentioned above, our estimation of the saturation parameter was close to unity, which already could indicate saturation effects. Therefore, we investigated in detail the effect of increased laser energy per pulse on the absorption peak. In Fig. 3 the absorption per pass and the full width at the half maximum of the carbon metastable absorption peaks are shown as a function of the laser energy per pulse. The experimental conditions were I arc ϭ48 A, ⌽(Ar)ϭ100 sccs, and ⌽(C 2 H 2 )ϭ1.7 sccs. The energy scale is only for reference and is not calibrated. Estimated values of energy per pulse range from less than 1 nJ on the left side to hundreds of nJ on the right side of the x axis. Because the laser spectral width is smaller than the peak width, inhomogeneous saturation can occur. With low laser energy per pulse the absorption and full width half maximum ͑FWHM͒ are constant. As the energy per pulse increases, the absorption is reduced due to saturation, but the FWHM of the peaks remains unaffected. As the energy per pulse rises even more, the absorption peak starts to broaden. At the highest energy, a Lamb dip is observed ͑see insert in Fig. 3͒ .
The problem of inhomogeneous saturation in CRDS spectroscopy was recently studied in detail by Macko et al. 28 and was sufficiently explained by their model. Although their model could be adjusted for our situation, for our measurements it suffices to be sure that saturation does not occur. The vertical dashed line in Fig. 3 indicates the laser energy per pulse at which all our CRDS measurements were performed. The laser energy is far from causing saturation, but it is still high enough to provide a good signal to noise ratio. operate plug and play apparatus which is able to record emission spectra from 190 to 850 nm. The spectral resolution is about 1 nm. The light was collected over a solid angle of 5.5ϫ10
Ϫ4 srad, at a position 0.39 m from the expanding plasma axis without any imaging optics, in order to enhance signal intensity, giving 37 mm spatial resolution at the beam axis. The emission was observed through a quartz window and measurements were done both at up and down position and under the same conditions as the CRDS measurements. Also the argon backflow through the CRDS mirrors was used in order to maintain the same pressure in the reactor. The emission peak is well resolved without overlapping other emission features. The area under the peak is taken as a measure of emission intensity.
III. RESULTS AND DISCUSSION
A. Plasma chemistry of the carbon metastable state C 2 H 2 flow and argon ion and electron flow into the reactor is small. This corroborates the assumption that C atoms are mainly created in secondary reactions ͑3͒ and ͑4͒. To create C atoms in these reactions two Ar ions and electrons are needed per acetylene molecule. Hence maximum absorption should occur approximately at an acetylene flow equal to half the argon ion and electron flow emanating from the arc. The magnitude of the measured maxima in density and intensity increases with increasing arc current as a result of higher argon ion and electron flow from the cascaded arc at higher arc currents. Maximal C* density of 7ϫ10 15 m Ϫ3 is measured at the up position at an arc current of 61 A.
Both CRDS and OES measurements show that the carbon atom can be produced internally excited. In the subsequent reactions ͑1͒-͑4͒ the recombination energy of two argon ions is available (2ϫ15.76ϭ31.52 eV). Part of this energy is used for breaking the C-H ͑ϳ5.6 eV͒ and CwC ͑ϳ10 eV͒ bonds. 29 This leaves approximately 16 eV for the CϩCH produced in one of the two branches of the secondary reaction ͑4͒ and which is enough to produce carbon atoms in different excited states. Even in the case, that a hydrogen atom created in primary reaction ͑2͒ is excited with its electron in the nϭ2 state ͑10.15 eV͒, the remaining energy ͑ϳ5.8 eV͒ is large enough to produce a carbon atom in its 1 S 0 metastable state. The carbon emission is the evidence that at least a fraction of C 2 H from primary reaction ͑2͒ is highly rovibrationally excited.
It is clear from Fig. 4 that there is a difference between the results of CRDS and OES measurements. This is due to different radiative lifetimes of the upper and lower level of the probed transition. CRDS measures the 1 S 0 metastable state, which has a long radiative lifetime ͑ϳ1.58 s͒ compared to the upper 1 P 1 0 level of the transition. The density of the 1 S 0 metastable state will not be depleted by radiative deexcitation and will be determined only by chemical reactions, diffusion, and convection of C* atoms in the plasma. On the contrary the upper state 1 P 1 0 has a very short radiative lifetime ͑ϳ2.6 ns͒ which will result in a very fast deexcitation to the lower levels. The density of this upper state is then determined by local production of excited carbon in the plasma and loss by radiative processes. Considering these aspects the OES intensity is a measure of the local production rate of ͑excited͒ carbon atoms in the secondary reaction ͑4͒.
As seen in Fig. 4 carbon emission appears only at low acetylene flows when the C 2 H 2 flow/(Ar ϩ ,e Ϫ ) flow ratio is small. At high acetylene flows, argon ions, and electrons are depleted very fast in reactions ͑1͒-͑4͒. Then, even at the up position, which is close to the injection ring, no argon ions and electrons are available for the secondary reactions ͑3͒-͑4͒ and the carbon atom production stops. At low acetylene flows, when more than one argon ion and electron pair is available per acetylene molecule, argon ions and electrons can reach the substrate and carbon emission is measured even at the down position. Carbon emission also indicates that the C 2 H radical is present in the region close to the substrate at low acetylene flows.
As was already explained, CRDS measures the C* atom density, which is determined by the production and loss of these atoms in chemical reactions. The C* density depends critically on the distance from the injection ring. At the up position C* is detected in all conditions, even at high acetylene flows. The reason is that the dissociation of acetylene in the primary reactions ͑1͒ and ͑2͒ takes place close to the injection ring, producing the C 2 H radical, a precursor for C atom production. Moreover the argon ion and electron densities are still high enough and so there will always be a small fraction of argon ions and electrons used in secondary reactions ͑3͒ and ͑4͒, even at high acetylene flows. As the plasma flows towards the substrate, carbon atoms can react further with acetylene: 30 CϩC 2 H 2 →C 3 HϩH ͑7͒
and its density along the expansion axis will decrease. At high acetylene flows, higher than the argon ion and electron flow, carbon atoms react away and the C* density at the down position is below the detection limit of the CRDS technique (ϳ1ϫ10 14 m Ϫ3 ). Also argon ions and electrons in the expansion are depleted faster at high acetylene flows and thus the carbon production is confined to a region closer to the injection ring than at low acetylene flows. At low C 2 H 2 /(Ar ϩ ,e Ϫ ) ratio, most of the C 2 H 2 is consumed in primary reactions ͑1͒ and ͑2͒ and hence reactions ͑7͒ can be neglected. At these conditions the C* can reach ͑or even be produced, see OES measurement͒ close to the substrate as shown by the CRDS measurements performed in down position at all arc currents. The reaction rate for reaction ͑7͒ was measured at room temperature and for C gr atoms and its value is k 5 Ϸ2.8ϫ10 Ϫ16 m 3 /s. Other measurements and theoretical calculations 31, 32 of k 5 reveal a weak temperature dependence, all the reported values being between 2ϫ10 Ϫ16 and 3.7ϫ10 Ϫ16 m 3 s Ϫ1 . Still the value of reaction rate for reaction ͑7͒ involving C* instead of C gr can be different from reported values. The value of k 5 * can be estimated using the CRDS density measurements done at an arc current of 22 A and with an acetylene flow of 3.6 sccs. C* atoms production between up and down position with this acetylene flow can be neglected since emission is below the detection limit. From the mass spectrometry measurement of acetylene consumption we know 22 that approximately 2.4 sccs ͑2/3 of the acetylene flow͒ is not consumed at these conditions. Assuming a beam area of 0.0025 m 2 ͑diameter 0.05 m͒ and directed velocity of 1000 m/s the acetylene density in the beam is approximately 3.3ϫ10 19 m Ϫ3 . An exponential decay of the C* density due to reactions with acetylene ͑assuming constant acetylene density͒ during the time necessary for transport from the up position to down position (⌬z/v ϳ0.27/1000ϭ0.27 ms) gives an estimate of the reaction rate k 5 *:
where we used the measured value of approximately 5.2 for the ratio of the C* density up and down. The estimated value of 2ϫ10 Ϫ16 m 3 /s is in very good agreement with the range of k 5 values reported in the literature. Considering the fact that the C* density measured at the down position is probably slightly underestimated even better agreement is reached.
B. The importance of the carbon atoms for a-C:H growth
The important question to be addressed is to what extend the measured C* density is representative for the C gr atoms. During their creation, carbon atoms gain a high excitation energy because of the redistribution of the energy of the reactants over the products. Since the lifetime of the metastable state ͑1.5 s͒ is longer than the residence time of the particles in the vessel ͑typically 400 ms͒ thermal equilibrium between C* and C gr atoms cannot be assumed. If the Boltzman equation is used to calculate the ground state density, assuming a gas temperature of 2000 K, the resulting flow of carbon atoms towards the substrate is at least 2 orders of magnitude higher than the maximum possible carbon flow calculated on the basis of the amount of injected acetylene.
So the remaining question is whether the ratio C*/C gr is constant. The discussion can be based on a simple model describing the plasma chemistry. In this model, the complex expansion is treated as a cylinder in which all the species move with the same drift velocity from the injection ring towards the substrate. In this way diffusion is neglected in radial direction. This is feasible since the radial diffusion times of different species were calculated 33 to be typically 10 ms or higher, which is at least ten times slower than the transport time from the nozzle to the substrate ͑ϳ1 ms͒. In axial direction the convection ͑1000 m/s drift velocity͒ is much larger than diffusion. When the drift velocity is assumed to be constant along the expansion axis ͑which is reasonable approximation for the subsonic part of the ETP, i.e., after the stationary shock wave 16 ͒ and only reactions ͑4͒ and ͑5͒ are considered as production and loss terms, the density evolution of C gr and C* along the expansion axis can be described by the following differential equations:
where ͓X͔ z means density of species X at the distance z from the injection ring. The metastable state is representative for the ground state if the following condition is fulfilled:
which gives, after substituting ͓C*͔ z ϭconst•͓C gr ͔ z on the right hand side, the condition:
First we can determine whether this condition is valid when only production ͓reaction ͑4͔͒ is taken into account. In this case Eqs. ͑4͒ and ͑5͒ do not depend on C gr or C* densities, respectively, and their ratio ͑5͒/͑4͒ is constant and has a value of k 4 */k 4 . The density at the up position is more determined by C production, so the C* density should be proportional to the C gr density. If the loss reaction ͑7͒ is also taken into account, Eq. ͑12͒ is constant only if reaction rates k 5 and k 5 * are equal.
Then the C* density scales with the C gr density. Even with additional loss terms taken into account, the C* density can still scale with the C gr density, provided that the reaction rates for these loss reactions are again the same for C* and C gr . We have already shown before that the reaction rate of C* with acetylene is in the range of reported values for C gr which leads us to the conclusion, assuming that the main loss process of C atoms in the plasma is in reaction with C 2 H 2 , that the C* density measured in the Ar/C 2 H 2 ETP is also representative for the C gr density and their ratio C*/C gr is equal to k 4 */k 4 ratio. Since we do not know this ratio, we can only estimate its lowest value. At Fig. 4͑c͒ case that the C atoms are also lost in reactions with other species ͑e.g., C 4 H 2 or C 6 H 2 ) and the C* absorption is no longer representative for C gr , we have still enough information to predict the C gr density in the plasma close to the substrate. The OES measurements at the up position show that at high acetylene flows the C gr production is negligible, which means that C gr on its way down can only be lost, e.g., in reaction ͑5͒ with abundant acetylene. Its density will then rapidly decrease, the faster the more acetylene is injected into the vessel at a fixed arc current. In this case the role of carbon atoms during the growth under high acetylene flow conditions, when high deposition rates and good mechanical properties of a-C:H films are reached, is negligible. At low acetylene flows, when films are more soft and polymer-like, C* ͑and also C gr ) atoms are present in the region close to the substrate ͑with the C* densities as high as 5ϫ10 15 m Ϫ3 ), and they can influence and contribute to the film growth. This result fully corroborates our previous findings about plasma chemistry and about the growth mechanism of hard a-C:H films without application of substrate bias, in which secondary reaction products ͑C, CH, and C 2 radicals͒ play only a minor role. 22 The most probable growth precursors for the growth then remain the C 2 H radical, primary reaction product, and probably also the rovibrationally excited C 4 H 2 molecule, the product of reaction of the C 2 H radical, and acetylene. 22 This may suggest that in the absence of ion bombardment the contribution of unsaturated hydrocarbon radicals such as C 2 H is a prerequisite for hard a-C:H films. Similar findings were reported by Jacob.
34

IV. CONCLUSIONS
We measured the 1s 2 2s 2 2p 3s 1 P 1 ↔1s 2 2s 2 2p 2 1 S 0 electronic transition of atomic carbon both in absorption ͑CRDS͒ and emission ͑OES͒. The measurements were done for three different arc currents and as a function of acetylene flow in Ar/C 2 H 2 expanding thermal plasma. Two positions 0.25 m and 0.52 from the C 2 H 2 injection nozzle were chosen in order to study plasma chemistry development in the ETP plasma. The latter position was 0.03 m above the substrate. All the results show intensity maxima at low acetylene flows, where the C 2 H 2 flow/(Ar ϩ ,e Ϫ ) flow ratio is smaller then unity. Based on these results the reaction mechanism involving two argon ions per one C 2 H 2 molecule was suggested as a dominant source for ͑internally excited͒ carbon atom production. The decrease of C* density between the up and down position can be attributed to the loss reaction of C* with acetylene. The estimated reaction coefficient is in good agreement with the known reaction coefficient for the reaction of C gr with acetylene. In this case, assuming also that all other possible loss reactions of carbon atoms have similar reaction coefficients for C* and C gr , the C* absorption is also a measure for the C gr density. But, even in the case where the loss process for C* is different than for C gr , the conclusion can be drawn that the carbon atom contribution to the a-C:H film growth is only significant at small acetylene flows, when the ratio C 2 H 2 flow/(Ar ϩ ,e Ϫ ) flow is on the order of or smaller than unity. For high acetylene flows carbon atoms are lost in the gas phase in reaction with acetylene and their role during a-C:H film growth is negligible.
